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The mechanisms for the stereoselective dissociation pathways of isomeric
[CoIII(diaminopropane)2(hexosamine–2H)]
1 complexes are studied by ion trap and Fourier
transform-ion cyclotron resonance mass spectrometry (FT-ICR MS). The exact masses of
product ions were measured in order to determine the composition of each loss, and isotopic
labeling experiments were used to determine which atoms were lost during dissociation. MS3
studies were used to probe the structures of the product ions from MS2 experiments. Based on
the experimental evidence obtained, mechanisms explaining the dissociations are postulated.
In deciphering the mechanisms, careful attention was paid to the molecular orbital alignment
of the reacting bonds, and based on the molecular orbitals, transition state conformations were
postulated. These transition states suggest how the observed stereoselectivity occurs. In each
case, the carbohydrate/metal interaction was crucial in the dissociation processes. (J Am Soc
Mass Spectrom 2001, 12, 517–527) © 2001 American Society for Mass Spectrometry
Our laboratory is working towards developingmass spectrometric techniques to elucidatestructural information of unknown carbohy-
drates. In pursuing this work, we have successfully
used tandem mass spectrometry to differentiate various
stereoisomers, including hexose [1], hexosamine [2],
and N-acetylhexosamine monosaccharides [3], as well
as the anomeric configuration of linkages in disacchar-
ides and oligosaccharides [4, 5]. This stereochemical
differentiation is achieved by coordinating the sub-
strates to various metal–ligand systems prior to mass
spectral studies [1–11].
Introduction of the metal–ligand systems is crucial to
the differentiation of the diastereomers, as the monosac-
charides alone consistently do not dissociate in a ste-
reoselective fashion. Furthermore, although one metal–
ligand system can be used to successfully differentiate
one or two sets of diastereomers, there is no single
metal–ligand system that can be utilized to differentiate
all the various classes of diastereomeric monosacchar-
ides. The success we have had in developing conditions
which afford unique product-ion mass spectra for spe-
cific sets of diastereomeric monosaccharides indicates
the fascinating possibility of applying our general meth-
odology to any given set of diastereomers. However, to
ultimately achieve this goal, the fundamental reasons as
to how stereoselective fragmentation occurs need to be
fully examined, so that metal–ligand systems that pro-
vide more general diastereomeric discrimination can be
developed.
Recent mechanistic studies of hexoses bound to
Ni(II) complexes suggest that the monosaccharide con-
formation about the metal ion plays an important role
in promoting specific types of dissociations [6, 7]. By
continuing to study other metal–ligand systems that
promote stereoselective dissociations, we can expand
our current understanding of their role in these disso-
ciations. We will describe herein various factors that
cause the stereoselective dissociations and propose
mechanisms for the dissociation reactions observed for
the hexosamine complexes [2].
In order to probe these mechanisms, several experi-
ments are conducted. Exact masses of the product ions
are obtained in order to confirm the molecular formula
of the neutral losses, and isotopic labeling studies are
undertaken in order to determine which carbon atoms
on the monosaccharide are lost in the dissociation.
Tandem MS3 experiments are performed on the product
ions generated in the MS2 experiments, in order to
ascertain details about the structure of the product ions.
Finally, consideration is given to the binding site of the
metal, and structural studies of the metal bound hex-
osamines are employed in order to extend the existing
knowledge of where metal ions bind to these monosac-
charides. The proposed mechanisms are consistent with
all experimentally determined data, and the transition
state for each mechanism can be used to explain how
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the dissociation results in stereochemical differentia-
tion.
Experimental
Generation of the Complexes
[Co(DAP)2(C1)2]C1 was synthesized as previously de-
scribed [12]. The monosaccharide was then coordinated
to the cobalt complex by two different methods. The
first method required combining 20 mL of a 0.023 M
aqueous solution of the monosaccharide with 23 mL of
a methanolic solution of the Co complex (0.02 M) and
triethylamine (0.02 M). This solution was then heated at
60 °C for 15 min and diluted to 50 pmol/mL with
methanol prior to introduction into the mass spectrom-
eter. In the alternative approach [2], 5 mL of the metal/
triethylamine solution is mixed with 4.3 mL of the
monosaccharide solution and heated in a capillary tube
in a microwave oven for 90 s at a power of 900 W. Both
syntheses give identical CID spectra for the ion of
interest.
Labeled Complexes
For 18O labeling, the monosaccharide is dissolved in
H2
18O, and the solution (0.023 M) is heated for 45 min at
80 °C. A methanolic solution of the Co complex (0.02 M)
and triethylamine (0.02 M) is added, and the solution is
heated for an additional 15 min at 60 °C.
For 2H labeling, the complex is synthesized as de-
scribed above, except 2H2O and MeO
2H are used as the
solvents for generation of the complexes. The sample is
subsequently diluted to 50 pmol/mL with MeO2H prior
to mass spectral analysis. For the 13C1 labeled complex,
13C labeled glucosamine is used, and the complex,
synthesized as above.
Mass Spectrometry
The isotopic labeling and MSn studies were performed
on a Finnigan LCQ (quadrupole ion trap) mass spec-
trometer, fitted with an electrospray source. The sam-
ples were injected via direct infusion at a rate of 5
mL/min, and the ion of interest was optimized for
maximum abundance. The spray voltage was main-
tained at 5.0 kV, and the capillary temperature was set
to 150 °C. During MS2 experiments, the automatic gain
control was set to 2 3 107 counts, and the scan range
was 150 to 400 Da. Ions were selected using a 3 Da mass
window, and activated at 0.37 V for 1 s, with qz set to
0.25. (These settings are adjustable on the Navigator
software, with advanced user options package.)
Exact mass measurement of reactant and product
ions were performed on an APEX II Fourier-transform
ion cyclotron resonance (FT-ICR) mass spectrometer
(Bruker Daltonics, Billerica, MA), equipped with a 7
tesla actively shielded superconducting magnet, at a
resolution of 1:70,000. Ions were generated with an
Analytica API 100 electrospray ionization (ESI) source
(Analytica, Branford, CT) employing an off-axis electro-
spray probe. Calibration was achieved with an external
calibrant at a resolution of 85,000. The ions were accu-
mulated for 1 s in a hexapole ion guide before trans-
mission to the ICR cell for mass analysis. Ions of the
desired mass to charge ratio were selected by a combi-
nation of correlated sweeps and correlated shots using
correlated harmonic excitation fields [13]. Sustained
off-resonance excitation (SORI) was applied for colli-
sion-induced dissociation (CID). A 3 ms pulse of argon
was introduced into the ultrahigh vacuum region, and
the ion of interest was activated for 250 ms with a radio
frequency pulse at 1 kHz below its resonant frequency.
The peak-to-peak voltage was 2.33 V. Each spectrum is
an average of 100 transients composed of 512 K data
points. The operating software was XMASS version
5.01.
Results and Discussion
When the three biologically relevant hexosamine
monosaccharides (Figure 1) are coordinated to
[Co(DAP)2C12]C1, where DAP is diaminopropane, the
monosaccharides displace the chloride ions to generate
the complex [Co(DAP)2(HexNH2)]C13 [where HexNH2
is one of the three hexosamines, glucosamine (GlcNH2),
galactosamine (GalNH2), or mannosamine (ManNH2)].
Upon electrospray ionization, the product of the reac-
tion, m/z 384, is generated. This ion represents
[Co(DAP)2(HexNH2–2H)]
1. Previous studies of analo-
gous metal–hexosamine complexes, including investi-
gations of [Co(ethylenediamine)2(HexNH2)] suggest
that the hexosamine binds to the metal in a bidentate
fashion, to produce an octahedral complex [14, 15].
However, these studies were ambiguous as to which
groups on the monosaccharide were binding to the
metal. Two possible structures for this ion are depicted
in Figure 2. As the ion m/z 384 is subjected to carefully
controlled collision conditions in the ion trap, one of
three unique product ions are formed that are specific to
each of the three diastereomers. These product ions are
m/z 366, 326, and 295 for the galactosamine, glu-
cosamine, and mannosamine complexes, respectively
[2]. Each of the diastereomers is analyzed under iden-
tical ESI and collision conditions; i.e., there is no further
tuning or optimization of signal once the analyses of all
Figure 1. Three biologically relevant diastereomeric hex-
osamines.
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the diastereomers begins. This is an important criterion
in light of the discussion herein concerning the presence
or absence of certain dissociation pathways.
Exact Mass Measurements
In order to determine the exact mass of the product ions
and thus their elemental compositions, the ion trap CID
experiments [2] were repeated on an FT-ICR mass
spectrometer, employing SORI. The precursor ion at m/z
384 exhibited the same stereoselective dissociation be-
havior as in the ion trap: A prominent m/z 310 ion
corresponding to the loss of a DAP ligand was accom-
panied by an additional product ion characteristic of the
stereoisomer in question, as shown in Figure 3. The
characteristic ions are m/z 295 (Figure 3a), m/z 326
(Figure 3b), and m/z 366 (Figure 3c) for the man-
nosamine, glucosamine, and galactosamine complexes,
respectively. Each spectrum also contained a few lower-
mass ions that resulted from dissociation of the m/z 310
ion as determined from MS3 experiments (data not
shown.)
The ion at m/z 295 may correspond to either loss of
C3H7NO2 or loss of C3H5O3, whereas the m/z 326
product ion may correspond to loss of either C2H4NO
or C2H2O2. The ion at m/z 366 corresponds to loss of
H2O. Table 1 is a compilation of the exact mass mea-
surements made for these ions. In each case, the mea-
Figure 2. Proposed structures for the [Co(DAP)2(GlcNH2–2H)]
1
complex.
Figure 3. MS/MS spectra of the [Co(DAP)2(HexNH2–2H)]
1 complexes: (a) Mannosamine complex,
(b) glucosamine complex, and (c) galactosamine complex.
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sured exact mass agrees with one of the calculated
values to within 0.001 Da. Given the exact mass mea-
surement data, the ions at m/z 295.1165 and 326.1349
correspond to losses of C3H7NO2 and C2H4NO, respec-
tively. Note that the neutral loss of C2H4NO is an
odd-electron species. Thus, its formation must have
been the result of a homolytic bond cleavage. This is
very atypical, as all of the neutral losses observed in our
previous studies involving metal/ligand/carbohydrate
complexes have been even-electron species which re-
sulted from heterolytic bond cleavage [1, 3–11].
Isotopic Labeling Studies
In order to discern which atoms were involved in each
of the reported dissociations, isotopic labeling studies
were undertaken. Initially, the C1 oxygen of each of the
hexosamine diastereomers was selectively labeled with
18O, and then the labeled hexosamines were coordi-
nated to the metal–ligand complex and allowed to
undergo CID in the ion trap. Tandem MS2 studies of the
labeled complex (m/z 386) were performed and the
product ions for each dissociation are reported in Table
2. In a separate experiment, all the exchangeable hydro-
gens were substituted for 2H, and the labeled complex
(m/z 396) was subsequently subjected to CID. The
number of exchangeable and nonexchangeable hydro-
gens was determined for each loss. This experiment was
used to identify loss of C6, because it is the only carbon
with two nonexchangeable hydrogens (Table 2).
In the MS2 study, the loss of 89 Da from the precur-
sor ion at m/z 384 corresponds to C3H7NO2, as deter-
mined by exact mass measurements, and occurs for the
ManNH2 diastereomer, as indicated in Table 2A. When
this complex is labeled with 18O at C1, the labeled
complex (m/z 386) dissociates to give a 91 Da loss (m/z
295). Thus, the 18O labeled oxygen at C1 is present in the
C3H7NO2 loss. When the complex is exchanged with
2H, the labeled complex (m/z 396) dissociates to give a
92 Da loss (m/z 304). Therefore, three of the seven
hydrogens are exchangeable, leaving four hydrogens
that are nonexchangeable. Using this information, the
origin of the loss can be determined, because loss of
four nonexchangeable H’s (and three carbons) indicates
that C6 must have been incorporated into the 92 Da
loss. Loss of 18O at C1 indicates that C1 was part of the
Table 1. Exact mass measurements
Possible losses Calc. mass Obs. mass Deviation (Da)
ManNH2 C3H7NO2 295.1175 295.1165 0.001
C3H5O3 295.1413 295.1165 0.025
GlcNH2 C2H4NO 326.1358 326.1349 0.001
C2H2O2 326.1596 326.1349 0.025
GalNH2 H2O 366.1546 366.1536 0.001
Table 2. Isotopic labeling results MS2 data for the ion at m/z 384
(A) Loss of C3H7NO2. Labeling data for ManNH2
No label 2H label 18O label
Precursor ion 384 396 386
Product ion 295 304 295
Mass difference (Da) 89 92 91
Label present in loss? N/A
a
3 2H 18O
N lost? (by exact mass) yes N/A N/A
Associated C’s lost C2 C6 C1
(B) Loss of C2H4NO. Labeling data for GlcNH2
No label 2H label 18O label 13C1 label
Precursor ion 384 396 386 385
Product ion 326 336 326 326
Mass difference (Da) 58 60 60 59
Label present in loss? N/A 2 2H 18O 13C
N lost? (by exact mass) yes N/A N/A N/A
Associated C’s lost C2 not C6 C1 C1
(C) Loss of H2O. Labeling data for GalNH2
No label 2H label 18O
Precursor ion 384 396 386
Product ion 366 376 368
Mass difference (Da) 18 20 18
Label present in loss? N/A 2 2H NO
N lost? (by exact mass) NO N/A N/A
a
N/A 5 not applicable
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fragment, and loss of nitrogen at C2 supports that the
C2 carbon was also lost. Thus, the origin of the
C3H7NO2 loss is C6, C1, and C2 (Table 2A).
A similar series of experiments was used to deter-
mine the origin of the remaining cross ring cleavages.
The loss of 58 Da from the precursor ion at m/z 384
corresponds to C2H4NO, and occurs for the GlcNH2
diastereomer. When this complex is labeled with 18O at
C1, the labeled complex (m/z 386) dissociates to give a
60 Da loss (Table 2B). Thus, the 18O labeled oxygen at
C1, and therefore C1 itself, is present in the C2H4NO
loss. As a second check, the complex was labeled with
13C at C1. The labeled complex (m/z 385) produces a
product ion at m/z 326 (59 Da loss). Loss of the isotopic
label confirms that C1 is lost in the dissociation (Table
2B). When the complex undergoes 2H exchange, the
labeled complex (m/z 396) dissociates to give a 60 Da
loss (m/z 336). Therefore, two of the four hydrogens are
exchangeable, leaving two nonexchangeable H’s. In this
instance, loss of two nonexchangeable H’s (and two
carbons) indicates that C6 was retained. Loss of 18O and
13C1 indicates that C1 was part of the fragment, and loss
of nitrogen at C2 supports that the C2 carbon was also
lost. Therefore, the origin of the C2H4NO loss is C1 and
C2 (Table 2B).
Similarly, the exact mass measurements for the
GalNH2 diastereomer show that the loss of 18 Da from
the parent ion m/z 384 corresponds to H2O. When the
complex is exchanged with 2H, the labeled complex
(m/z 396) dissociates to give a 20 Da loss (m/z 376). So
both of the hydrogens are exchangeable. When this
complex is labeled with 18O at C1, the labeled complex
(m/z 386) dissociates to give an 18 Da loss (m/z 368). The
18O labeled oxygen at C1 is not present in the H2O loss.
In this case, the isotopic labeling study showed that
both H’s are exchangeable, yet, the origin of the loss
cannot be assigned, as it is ambiguous which oxygen is
lost. Without knowing the exact origin of the H2O loss,
further mechanistic studies regarding the loss of water
cannot be pursued (Table 2C).
MS3 Studies
Systematic MS3 studies are used to probe the structure
of the product ions obtained after further CID. Struc-
tural information about these products is useful in
Figure 4. MS3 spectra for each of the stereoselective product ions: (a) m/z 384 3 295 3, (b) m/z 384
3 326 3, and (c) m/z 384 3 366 3.
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determining the dissociation pathway for the ions of
interest. In Figure 4a–c, the MS3 spectra of the three
stereoselective product ions, m/z 295, 326, and 366,
respectively, are shown. CID of the ions m/z 295 and 366
results in only a 74 Da loss, corresponding to the mass
of the DAP ligand. CID of the ion at m/z 326 produces
several neutral losses, including loss of 18 Da (H2O), 30
Da (CH2O), 60 Da (C2H4O2), and 74 Da (a DAP ligand).
(All spectra were obtained under identical conditions.)
Although little information was obtained for the ions
m/z 295 and 366, the MS3 spectrum 384 3 326 3
provides useful structural information. That is, any
mechanism showing the dissociation of m/z 384 to 326
must terminate with a product ion that can undergo
further cleavage, to lose H2O, CH2O, or C2H4O2, as
indicated in Figure 4b.
Structural Considerations
In addition to the experiments presented above, infor-
mation about the initial structure of the complex is
typically used to postulate dissociation mechanisms.
However, it has been quite challenging to determine
how the hexosamine monosaccharides bind to metals,
and several groups have spent years studying this
binding interaction [14–17]. On the basis of single-point
energy calculations, pKa assignments, determination of
binding constants (of hexosamines and synthetic ana-
logs), potentiometric and spectroscopic studies (includ-
ing NMR and UV-Vis), the two most likely binding sites
are C2–NH2/C1–OH or C2–NH2/C3–OH. These struc-
tures for the complex of interest are depicted in Figure 2.
In order to address the possibility of whether the
monosaccharide could be binding to the metal through
two hydroxyl groups (for example C4–OH and C6–
OH) additional experiments were undertaken. The
three hexoses, glucose, galactose, and mannose, were
each reacted with the [Co(DAP)2C12]C1 complex under
the same conditions used to form the hexosamine
complexes. If binding through the nitrogen was re-
quired to form the metal/hexosamine complexes, then
it was assumed that the nitrogen-free analogs (glucose,
galactose, and mannose) would not complex to the
metal. In fact, all three nitrogen-free analogs complexed
to the metal and gave very abundant precursor ions.
Furthermore, when 0.5 equivalents of glucose and 0.5
equivalents of glucosamine were reacted simulta-
neously, in a competitive reaction, with 1.0 equivalents
of the metal complex, the resulting mass spectrum
shows that the glucose binds to the metal much more
favorably than glucosamine. This implies that under the
experimental conditions used, complexation at two
hydroxyl groups may actually be favored over a hy-
droxyl and an amino group.
These findings greatly complicate the task of deter-
mining how each dissociation mechanism is occurring,
because the possibility exists that any of the hydroxyl
groups could be binding to the metal prior to dissocia-
tion. Furthermore, recent ion mobility studies of similar
metal/ligand/carbohydrate complexes suggest that
several different populations of ions (with different
binding sites) are present simultaneously [18]. To fur-
ther explore all the possible binding locations of each of
the diastereomeric monosaccharides is beyond the
scope of this investigation. However, in determining
the mechanisms for each stereoselective dissociation,
we propose a mechanistic pathway which is consistent
with all of the experimental evidence obtained (exact
mass measurements, MS3 studies, and isotopic labeling
studies) and the following three criteria: (1) Mecha-
nisms may only proceed through orbitally allowed
transition states; (2) deprotonation sites are coordinated
to the metal (to minimize charge separation); (3) metal
coordination may occur at various sites on the
monosaccharide. For each mechanism we will show
that the metal binding site employed is reasonable,
based on all of the information available.
Dissociation Mechanisms
Loss of C3H7NO2 (89 Da). Figure 5 shows a postulated
dissociation mechanism for the loss of C3H7NO2 that is
consistent with the experimental data and consider-
ations above. The monosaccharide is initially bound to
the metal at the deprotonated C3 and C6 oxygens. The
deprotonated C6 oxygen drives the dissociation of
formaldehyde, followed by the concerted loss of 2-hy-
droxyetheneamine. The product of the reaction is likely
very low in energy because during the mechanism, two
electrons were transferred to the metal. This electron
transfer reduces the metal’s oxidation state from 13 to
11 and eliminates all charge separation in the molecule.
This mechanism is consistent with exact mass mea-
surements which confirms the neutral loss as C3H7NO2
and the isotopic labeling studies which confirm that the
carbons lost are C1, C2, and C6. To further validate the
mechanism, we will (1) explain the stereoselectivity of
the reaction, and (2) show that the binding site (the C3
and C6 hydroxyl groups) is plausible. If the mechanism
occurs as described in Figure 5, the C3–OH and C6–OH
must be capable of simultaneously binding to the metal
in the transition state conformation. This conformation
can be deduced based on the fact that the interacting
bonds must have proper orbital alignment in order to
dissociate.
Figure 5. Proposed dissociation mechanism for the loss of
C3H7NO2 from the mannosamine complex.
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Figure 5 shows concerted formation of four pi bonds:
One between the C6 oxygen and C6, one between C5
and the ring oxygen, one between C1 and C2, and the
double bond between C3 and the C3 oxygen. Thus, the
orbitals on the atoms forming these pi bonds must be
aligned either syn or anti to each other [19]. For exam-
ple, formation of the C1, C2 double bond may occur in
a syn fashion, as depicted in Figure 6a. In this case, the
ring oxygen and C3 must be eclipsed, so as the C2–C3
and O–C1 bonds break, the sp3 orbitals on C1 and C2
will overlap, allowing for formation of a pi bond. In
Figure 6b, C3 and the ring oxygen are anti. Again,
breaking of the O–C1 and C2–C3 bonds will afford
formation of a pi bond between C1 and C2 because the
sp3 orbital on C1 is perfectly aligned with the back side
of the sp3 orbital on C2. In Figure 6c, however, there is
insufficient orbital overlap on C1 and C2 to form a pi
bond.
Thus, the orientation of C1 and C2 in the transition
state must be syn or anti, but not gauche. With this
limitation, we can begin to understand the conforma-
tion of the monosaccharide as it undergoes the dissoci-
ation. For example, there are 30 different monosaccha-
ride conformers that can be ruled out as possible
transition state structures because O and C3 are neither
anti nor eclipsed. These “ruled out” structures include
both chair, 4 boat, 6 skew, 8 envelope, and 10 half-chair
conformations. All of the remaining monosaccharide
conformations are possible transition state structures
because they have the ring oxygen and C3 eclipsed.
Those conformations are: 3,0B, B3,0,
4E, E4,
5E, E5,
4H5,
and 5H4. (For a description of all conformers see [20]).
By considering the orientation about C5 and the ring
oxygen (O), additional information can be obtained
about the transition state conformation. Again, the
orbitals forming the pi bond between C5 and O must be
anti or eclipsed. Of the eight possible conformations
listed above, only one of these structures, 3,0B, has the
correct orientation about C5 and O (Figure 7a). In the
conformation 3,0B, C6 is anti to C1 (Figure 7b), allowing
sufficient orbital overlap for pi formation about C5 and
O. Figure 7c also depicts the Newman projection down
the C1, C2 bond showing that O and C3 are eclipsed.
Thus, out of the 38 known monosaccharide conforma-
tions, 3,0B must be the transition state conformation for
the concerted loss of 89 Da for the mannosamine
complex, as this is the only conformation which makes
the concerted mechanism (Figure 5) orbitally allowed.
This conformation for the ManNH2 complex is depicted
in Figure 7. Because the mechanism in Figure 5 requires
deprotonation sites at C3 and C6, these groups must be
binding to the metal to minimize charge separation. In
the 3,0B conformation, this can be accomplished without
steric interactions at C2 or C4 (for mannosamine).
Figure 6. Possible orbital alignments for the C1–C2 bond.
Figure 7. Depictions of the bond alignment required for loss of C3H7NO2 from the
[Co(DAP)2(ManNH2–2H)]
1 complex.
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Since 3,0B is the only monosaccharide conformation
which provides proper orbital geometry for the 89 Da
loss, then GlcNH2 and GalNH2 would also need to be in
this conformation if the 89 Da loss were to be generated
during CID (Figure 8). Based on this constraint, it is not
surprising that GalNH2 and GlcNH2 do not undergo the
dissociation. Both diastereomers would have difficulty
binding to the metal at C3 and C6 in the 3,0B conforma-
tion. The C4–OH group of GalNH2 would be eclipsed
with C6 in the 3,0B conformation (Figure 8). Thus, a
significant steric barrier would be present for the
GalNH2 complex that is not present for ManNH2.
Furthermore, because of the orientation of the C4 hy-
droxyl group, it is more likely that metal binding would
occur at C4–OH and C6–OH or C4–OH and C3–OH
than at C3–OH and C6–OH. Without achieving binding
at C3 and C6, the dissociation will not occur. Hence, it
is useful to consider (in three dimensions) how the
orbitals of the bonds must be aligned in the transition
state for the dissociation mechanism. By doing so, the
proposed transition state could be used to explain why
the dissociation occurs for the mannosamine complex,
but not for the galactosamine complex.
The glucosamine complex also does not undergo the
89 Da loss. Although the C4 hydroxyl group does not
interfere with metal binding (as in the galactosamine
example), steric repulsion would occur between the C2
amino and C4 hydroxyl groups (Figure 8). Furthermore,
we have reason to believe that a significant fraction of
the GlcNH2 population exists as the
4C1 conformation
with Co binding at C3–OH and C2–NH2 (see below).
This conformation is significantly lower in energy than
3,0B; thus it is possible that the GlcNH2 diastereomer
simply does not undergo the 89 Da dissociation because
the 3,0B conformation is not accessible due to compet-
ing, lower-energy dissociation pathways.
Loss of C2H4NO (58 Da). A mechanism, illustrated in
Figure 9, is proposed for the 58 Da loss which is
consistent with the isotopic labeling data, exact mass
calculations, and MS3 experiments. In this mechanism,
the metal is postulated to bind at C3–OH and C2–NH2,
Figure 8. [Co(DAP)2(GlcNH2–2H)]
1 and [Co(DAP)2(GalNH2–2H)]
1 in the 3,0B conformation.
Figure 9. Proposed dissociation mechanism for the loss of C2H4NO from the glucosamine complex.
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the two deprotonation sites. The dissociation occurs in
two steps, cross-ring cleavage, followed by homolytic
cleavage of the hydroxyacetaldehyde imine radical.
The first step of the mechanism is an oxidative
cleavage. Such reactions are commonly observed in
solution. For example, cis and trans diols react with
periodate through a cyclic glycol intermediate to give
cleaved aldehyde products [21]. In this case, the Co
oxidizes the amino alcohol in a similar fashion. The Co
must be binding at C3–OH and C2–NH2 in order to
promote this step of the reaction. If one considers the
orbital requirements of the oxidation step depicted in
Figure 9, the conformation of the monosaccharide in the
transition state can be deduced. When the C2–N pi
bond forms, the C2–C3 bond must be eclipsing the
Co–N bond in order to provide sufficient orbital over-
lap for the forming pi bond. That is, C3, C2, N, and Co
must be coplanar. Furthermore, Co must be able to
simultaneously bind to the C2 nitrogen and C3 hy-
droxyl group. For GlcNH2 and GalNH2 these require-
ments are met in the 4C1 conformation. In this confor-
mation, the metal–ligand system is equatorial to the
hexose (Figure 10). In order for ManNH2 to adapt the
appropriate orientation for formation of a C2–N pi
bond, the metal–ligand system must reside directly on
top of the hexose in the 4C1 conformation (Figure 10).
Thus, steric interactions would occur between the li-
gands on the metal and the hexosamine ring. These
steric interactions give some explanation as to why the
ManNH2 complex does not undergo the dissociation.
However, other factors may also be important.
Neither ManNH2 nor GalNH2 undergoes the 58 Da
loss. Because GalNH2 has the same stereochemistry at
C1, C2, and C3 as glucosamine, the same, lower energy,
4C1 structure would provide sufficient orbital geometry
to undergo the first step of the dissociation mechanism.
However, GalNH2 may be prohibited from undergoing
the 58 Da loss because the dissociation step of the
mechanism is too high in energy due to steric interac-
tion. Figure 11 shows the proposed transition state
conformation for the GlcNH2 and GalNH2 complexes
for the dissociation step of the mechanism. As the O–C1
bond breaks, its bonding orbital becomes elongated and
higher in energy, lowering the energy of the antibond-
ing orbital. This antibonding orbital (on the C5 oxygen)
can then interact with the dz2 orbital on the Co, allowing
for the formation of the Co–oxygen sigma bond. Note,
the Co–O–C1 bond angle must be 180°, because the
bonding and antibonding orbitals on the oxygen are
180° apart.
Given this transition state geometry, one can easily
see why the GalNH2 diastereomer does not undergo the
transformation. The GlcNH2 diastereomer can adapt
the correct transition state geometry in the chair con-
formation with minimal steric repulsion. Yet, when
GalNH2 adapts the chair conformation, the leaving
group (C1 and C2) experiences diaxial interactions with
the hydroxyl group on C4. These diaxial interactions
will raise the energy of the transition state for the
GalNH2 diastereomer. As a result, it does not undergo
the 58 Da loss. The stereoselectivity of this reaction can
be explained based on the proposed transition state
conformations for the reaction. It is also possible that
the stereoselectivity is due to the fact that GalNH2 and
ManNH2 do not bind to the metal at C2–OH and
C3–NH2. However, this hypothesis is perhaps less
probable, because most of the previous metal–hex-
osamine binding studies indicate C2–OH and C3–NH2
as a major binding site for the diastereomers.
Finally, if the proposed mechanism in Figure 9 is
correct, it must also be consistent with the MS3 spectra
of the product ion, m/z 326. In the CID spectra (Figure
Figure 10. 4C1 conformations for [Co(DAP)2(GlcNH2–2H)]
1 and
[Co(DAP)2(ManNH2–2H)]
1.
Figure 11. Proposed transition state for the dissociation of
C2H4NO.
525J Am Soc Mass Spectrom 2001, 12, 517–527 STEREOSELECTIVE DISSOCIATIONS OF MONOSACCHARIDES
4), three product ions resulting from cleavage of the
carbohydrate are detected. These include loss of 18 Da
(H2O), 30 Da (CH2O), and 60 Da (C2H4O2). Mechanisms
for these three losses can be easily postulated, starting
with the proposed structure for the product ion, m/z 326
as shown in Figure 12. Each mechanism is consistent
with all orbital requirements of the interacting atoms,
and each is accomplished without severe steric interac-
tions. Reasonable mechanisms for each of the observed
losses found in the MS3 spectra can be postulated,
starting from the structure 9A, and these support the
hypothesis that 9A is the product ion produced in the 58
Da loss.
Conclusions
Exact mass measurements, isotopic labeling studies,
and MSn experiments are provided to support pro-
posed dissociation mechanisms for the hexosamine
diastereomers. In these mechanisms, special attention is
given to the orbital overlap requirements of the forming
bonds, and based on these requirements, transition
states are postulated. These transition states are used to
(1) show that metal binding at the positions indicated is
possible for the diastereomer undergoing the dissocia-
tion and (2) explain the observed stereoselectivity of the
dissociation reactions.
For the dissociations observed for the
[Co(DAP)2(HexNH2–2H)]
1 complexes, the stereoselec-
tivity of the reactions seem to rely on two main factors.
First, for the dissociations studied, the metal binds at
different positions on the monosaccharide. It is likely
that some of the diastereomeric discrimination is due to
the fact that these binding sites are only accessible to
certain diastereomers. Second, even if the metal is
binding at the same positions on the monosaccharide,
steric interaction can raise the energy of the transition
state for certain diastereomers, preventing them from
dissociating under the CID energy and collision condi-
tions imposed.
These findings may help explain why different met-
al/ligand systems were required to distinguish the
various classes of diastereomeric monosaccharides.
Each group of monosaccharides studied (hexoses, hex-
osamines, and N-acetylhexosamines) had a different
functional group at C2. Because each of these functional
groups [–OH, –NH2, and –NHC(O)CH3] will interact
with the metals differently, each class of diastereomers
Figure 12. Proposed dissociation mechanisms for the neutral losses of (a) H2O, (b) C2H4O2, and (c)
CH2O from the product ion, m/z 326.
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likely has different populations of favorable metal bind-
ing sites. Because these metal binding sites ultimately
determine how the monosaccharides dissociate, chang-
ing the functional groups on the monosaccharides ef-
fects the binding sites and, ultimately, the observed
dissociations.
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